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SUMMARY. A phosphoryl-enzyme intermediate as part of the mechanism of phospho-
glycerate kinase has been suggested for the rabbit muscle enzyme (6) and the
yeast enzyme (7,8). ATP in the binary enzyme-substrate complexes appeared to
phosphorylate these enzymes and ADP-ATP exchange activities were observed
(6,7,8). The present report shows, however, that highly purified yeast enzyme
cannot be phosphorylated by ATP. On the other hand ADP-ATP exchange activity
was obtained but this was proportional to trace amounts of adenylate kinase
activity, which was found to contaminate the enzyme preparations. Thus a Ping
Pong mechanism as an alternative to a mechanism including a ternary complex
between the enzyme and its two substrates appears very improbable. Whether the
enzyme or the phosphoryl-group-accepting substirate is responsible for the
primary nucleophilic attack occurring in the ternary complex is still an open
question, however. Yeast phosphoglycerate kinase appears t0 have no ATPase
activity.

Steady state kinetic studies (1,2) on the reaction catalyzed by yeast
phosphoglycerate kinase (ATP:3—ph0spho-D—g1ycerate 1-phosphotransferase,
EC 2.7.2.3) suggest that this enzyme, like many other phosphotransferases
(ef. (3) for a review), reacts by a mechanism that includes a ternary complex
between the enzyme and its two substrates. The bond cleaved during the cata-
lytic reaction is between the oxygen and phosphorous atoms (4,5). Evidence
for a phosphorylated enzyme as part of the catalytic reaction of the rabbit
muscle enzyme has been presented (6). This evidence served as a stimulus for
the present study. After completion of our work results suggesting a phospho-
rylated enzyme as part of the catalytic reaction of the yeast enzyme have
been published by others (7,8). Our studies indicate that their results must
be given a different interpretation.

MATERIALS AND METHODS
Engymes. Phosphoglycerate kinase was prepared from baker’s yeast (9) and

the main electrophoretic component B (ef. (10)) was used. Glyceraldehyde-
627

Copyright © 1974 by Academic Press, Inc.
All rights of reproduction in any form reserved.



Vol. 57,No. 3, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

phosphate dehydrogenase (mc 1.2.1.12) and pyruvate kinase (EC 2.7.1.40) from
rabbit muscle, and lactate dehydrogenase (EC 1.1.1.27) from beef heart were
products of igma Chemical Co.
R |:.7 14{] . s . . .
eagents. Jase-U~ 'C_| adenosine 5 -diphosphate in aqueous solution was
obtained from The Radiochemical Center, Amersham, ingland.

Activity measurements. The activity of phosphoglycerate kinase was

measured by the spectrophotometric method of Biicher (11) at conditions
described earlier (10,12). The activity of adenylate kinase was measured
spectrophotometrically in the direction of ADP formation according to Chiu
et al. (13). The assay mixture (1 ml) contained 1.0 mi ATP, 1.0 ml AMP, 3.0
mi Mgclz, 1.0 mM phosphoenolpyruvate, 0.5 mM NADH, 0.25 I KCl1, 50 mM Tris-
HC1 buffer (pH 7.80, 25°C), 32 activity units of pyruvate kinase, and 67 of
lactate dehydrogenase. As in the phosphoglycerate kinase assay the change of
NADH concentration waes followed at 366 nm and the activity was expressed as
v = (dA366/dt)t=O.

spectrophotometric tests for phosphorylation of phosphoglycerate kinase

by ATP. The experimental conditions were as described for the adenylate kinase
assay (cf. above) but ATP and AMP were excluded (see Fig. 1).

Measurements of the exchange of [7403 ADP with ATP. The reaction mixture

containing 1.0 @M ATP, 1.0 mM ADP, 0.045 ml [14c] ADP (40 % o5 [1403 AMP)
giving 1.2 x 10% cpm, 5.0 mi MgCl,, and 50 mM Tris-HCl buffer (pH 7.80, 25°C)
was supplied with varying amounts of phosphoglycerate kinase t0 a total volume
of 100 pl. The experiments were performed at 2500. Aliquots (5 pl) were with~
drawn at appropriate time intervals and were applied to a plate for thin layer
chromatography (ef. below). Bach spot was scraped together and put into 10 ml
of Insta-Gel scintillation solution {diluted with 0.6 volumes of Xylene) for
radiocactivity measurements.

Thin layer chromatography. The nucleotides ATP, ADP, and ANP were sepa~

rated by thin layer chromatography on DEAE cellulose according to Randerath

(14). The best experimental conditions appeared when celluloses from Merck
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Fig. 1. Tack of phosphorylation of phosphoglycerate kinase by ATP. it the
times indicated the assay mixture (see MATZRIALS AND METHODS) was supplied
with 25 pl 472 (10 mM) and 50 i phosphoglycerste kinase (PGK, 9.1 mg/ml).

To test the sensitivity of the assay system successive additions of (A) 10 )
and 25 pl of 3-phospho-D-glycerate (PGA, 0.36mM) and (B) 10 pl and 25 pl of
ADP (0.50 ml) were performed. Corrections for trec blank values were made.

Pig. 2. Distribution of radioactivity during the run of an ADP-ATP exchange
experiment, performed with 37 pg of phosphoglycerate kinase. The activity of
adenylate kinase was 0.013 » of the phosphoglycerate kinase activity.
(0—0), u7; (&D), .dr; (O—O), 4TP.

and Whatman were mixed in equal proportions. The chromatogram was developed

in 0.04 M HCL for about 3 hours, after which the spots were detected in
dtraviolet light. Rf values were for ATP 0.06, ADP 0.34, and AMP 0.92.
RESULTS AND DISCUSSION

Spectrophotometric tests for phosphorylation of phosphoglycerate kinase.

Any phosphorylation of the enzyme by ATP should be accompanied by the forma-
tion of ADP. Reaction mixtures containing ATP in large molar excess of phos—
phoglycerate kinase {230-640 pg/ml) were assayed for ADP formation during one
nhour. No change of absorbance was noticed (see Fig. 1). Judged from the
results of Hass et al. (15) the assay system appeared sensitive enough for
this test. That was further shown by repeated additions of proper amounts of
3-phospho-D-glycerate and ADP, respectively. These reagents appeared to cause
the expected reactions to go to completion within some minutes (Fig. 1). The
incorporation of one phosphoryl group per enzyme molecule should at the
experimental conditions of Fig. 1 have caused a change of absorbance of 0.030

(the molecular weight of 45 000 for the enzyme {10) and the numeric value of
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3 300 cm-'1 for the difference in molar absorption of NADH and«NAD+ at 366 nm
(16) were used in these estimations). Possible ATPase (EC 3.6.1.4) activity
should cause this change to be much larger. The present results thus indicate
that phosphoglycerate kinase is devoid of ATPase activity.

Bxchange of [14C] ADP with ATP. PFig. 2 shows incorporation of radio-

activity into ATP catalyzed by a phosphoglycerate kinase preparation. Initial-
ly there was also a rapid incorporation of radiocactivity from AMP into ADP and
the dominating reaction appeared to be [1401 AP + AET’--[?4C] ADP + ADP.
Note that at zero time the specific radioactivity of AMP was high and that ATP
was in large molar excess of AMP. As the time passed the reverse reaction
continuously appeared to take place, causing incorporation of isotope into ATP.
Equilibrium was reached after 45 min. The equilibrium constant, Keq =

[AMP] [ATE] / [;Dé]z, as estimated from this experiment, is 0.52. This value
is in good agreement with the constant determined earlier (17) Ffor the
adenylate kinase reaction. Tests on our phosphoglycerate kinase preparations
showed that these contain traces of adenylate kinase activity (cof. below). At
40°C this additional activity decreased gradually (Fig. 3). After 36 hours at
4OOC only 12 % of the adenylate kinase activity remained but the phospho-
glycerate kinase activity was unaffected. The ADP-ATP exchange experiment was
repeated with the heat~treated enzyme and the results are presented in Fig. 4,
which shows that incorporation of radiocactivity into ATP occurred at a much
slower rate than previously (Fig. 2). There was still a rapid flow of radio-
activity from AMP to ADP, The rate of this reaction was too rapid to be
quantified, however. The reactions presented in Fig. 4 were far from equilib-
rium even af*er 85 min. The results with the heat-ireated enzyme strongly
indicate that the isotope exchange between ADP and ATP was caused by the
adenylate kinase reaction.

Is phogphoglycerate kinase responsible for the adenylate kinase activity?

Five different phosphoglycerate kinase preparations were tested for adenylate

kinase activity. This was shown to vary between 0.001 and 0.013 % of the phos-
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Fig. 3. The time-dependences of the activities of pnosphoglycerate kinase
(in min~1) (O—0O) and adenylate kinase (in hour-1) (&) during treatment
at 409C, pll 3.2. The protein concentration was 6.36 mg/ml. In the activity
measurements the engyme solution was diluted 20 000 and 100 times, respec-
tively.

fig. 4. Distribution of radioactivity during the run of an ADP-ATP exchange
experiment, performed with 37 pg of phosphoglycerate kinase treated at 40°¢
for 36 hours (ef. Fig. 3). The activity of adenylate kinase was 0.002 & of

the phosphoglycerate kinase activity. (0—Q), amp; (&D), App; (O—0O)), ATP.

Fig. 5. The activities of phosphoglycerate kinase (in min~1) (O—O) and
adenylate kinase (in hour™ ) (CrﬂS% versus tihe initial rate of incorporation
of radioactivity into ATP, expressed as v = (d(cpm)/dt),_o (in min-1). The
specific zctivity of phosphoglycerate kinase was the same in all the prepara-—
tions used.

phoglycerate kinase activity, if expressed in comparable units. The rates of
14C--exchange between ADP and ATP catalyzed by tne different preparations were
determined. Fig. 5 shows the activities of phosphoglycerate kinase and
adenylate kinase, respectively, versus the initial incorporation rate of

radioactivity into ATP. The rate of ingorporation increased with the
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adenylate kinase activity. Mo correlation of this rate with the phospho-
glyceracte kinase activity cen be seen.

Conclusions and comments. The present results clearly indicate that ATP in

the binary enzyme-substrate complex is not able to phosphorylate yeast phnos-—
phoglycerate kinase. Iarlier results (6,8) suggested that only about 35 % of
the enzyme molecules could be phosphorylated and that the phosphorylation
required phosphoenolpyruvate and pyruvate kinase to trap the ADP formed. This
was not shown directly, for example by following the pyruvate kinase reaction.
Fig. 1 snows that such a test is sensitive enough easily to detect even a
partial phosphorylation. The earlier used criterion for phosphorylation was

3

appearance of 2P in the enzyme peak after gel filtration on Sephadex G-~25

(6,8). Incorporation of 32? into any impurity having a molecular weight >

5 000 would give the same result, however. The purity of the rabbit muscle
enzyme, used in the above experiments, has been questioned (18). The specific
activity of the yeast enzyme used was low also, 500-700 U/mg at 2500 instead
of a value close to 1000 for a highly purified enzyme (10,18). Hote that
pyruvate kinase in the presence of phosphoenolpyruvate and ATP has been shown
to cause phosphorylation of something unknown (19). Apparent phosphorylation
caused by artifacts has elegantly been demonsirated and discussed by Hass et
al. (15). Results of Biicher (11) indicate that yeast phosphoglycerate kinase
has a fairly high affinity for pyrophosphate.

Despite all precautions earlier taken (7) to eliminate contaminating
enzymes in the yeast phosphoglycerate kinase preparations adenylate kinase
appears not to have been excluded as a possible catalyst of the ADP~ATP ex-
change reaction for the following three reasons: 1. This enzyme has, like
phosphoglycerate kinase (20), no thiol group essential for the catalytic
activity (13). 2. Diethylpyrocarbonate, which effectively inactivates for
example nucleosidediphosphate kinase (EC 2.7.4.6) (7), has been shown to
cause a small decrease in the phosphoglycerate kinase activity and a concomi-

tant loss in the rate of the isotope exchange has been observed (7). Treatment
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of our enzyme preparations with diethylpyrocarbonate, at conditions earlier
used by others (7,8), caused a decrease of the acitivities of both phospho-~
glycerate kinase and adenylate kinase corcurrently, zbout 30 % at 24°C (un-
published observations). %. Various nucleocide tripnosphates can +to different
extents replace ATP as a substrate of adenylate kinase (21). Thus, 1t seems
pozeible that the earlier observed effects (7) of nucleoside triphosphates on
the rate of the ADP-ATP exchange were caused by effects on the adenylcte
lcinace reaction.

“ialsh ana Spector have endeavoured to produce a rabbit muscle enzyme free
from adenylate kinase (myokin;se). It is, however, impossible from their
paper (6) to appraise how they succeeded. The rates of the partial ADP-ATP
exch:ange obzerved in our study (apparently caused by adenylate lkinase activity
being 0.001-0.013 % of the phosphoglycerate kirase activity) are of the same
order of magnitude as those reported for the commerciucl yeast enzyme (7) and
the rabbit muscle enzyme (6). is yeast phosphoglycerate linase appears to lack
ADP-ATP exchange activity a Ping Pong mechanizm (22) as an alternative to the
earlier suggested ternary complex mechanism (1,2) can be excluded. At present
it cannot be settled, however, whether the enzyme or the phospnoryl-group-
accepting cubstrate is responsible for the primary nucleophilic attack,
occurring as an intermediary step in the terncry complex between tiie enzyme

and its two substrates.
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